Tryptophan has long been known as an essential amino acid for many forms of life. However, nuimerous microorganisms do not require nitrogen in the form of tryptophan, and several nitrogenous compounds are known which replace the nutritional requirement for tryptophan. The demonstration that anthranilic acid (Snell, 1943) Tatum, Bonner, and Beadle, 1943) , and cell-free extracts of Neurospora sitophila form tryptophan in the presence of indole, serine, and pyridoxal phosphate (Umbreit, Wood, and Gunsalus, 1946) . Since serine stimulates the growth of L. arabinoms in the presence of indole (Schweigert, 1947) , it has been concluded (Rydon, 1948; Work and Work, 1948 ) that, as in Neurospora, indole is condensed with serine to yield tryptophan by this organism and, moreover, that anthranilic acid is probably the precursor of indole. Thus, essentially by analogy, the apparent pathway of tryptophan synthesis in Neurospora has been claimed to exist in bacteria.
The components of the semisynthetic medium used to determine the effect of tryptophan substitutes upon growth and to obtain metabolically active cells are listed in table 1. The inoculum for the growth studies was prepared from a 12 hours' old medium A culture. The 10 ml culture was washed twice with 10 ml distilled water, resuspended in the same volume, and one drop inoculated into the growth tubes containing 10 ml of the semisynthetic medium. To obtain metabolically active cells, the following inoculating procedure was developed; strict adherence to this procedure was required to obtain cells in the same metabolic state. A transfer from stock culture to medium A was allowed to incubate for 15 to 17 hours. A second transfer to another medium A tube (0.05 per cent inoculum) was incubated 8.5 to 9 hours and then transferred (0.15 per cent) to medium A for an additional 5 to 5.5 hours. Finally, the semisynthetic medium of N-(l-naphthyl)ethylenediamine dihydrochloride, the color was allowed to develop for 10 min at 37 C and for another 10 min at room temperature. Indole was determined by the method of Umbreit, Wood, and Gunsalus (1946) and tryptophan by the method of Nason, Kaplan, and Colowick (1951) . N-acetylanthranilic acid was assayed as anthranilic acid after hydrolysis for 11 min in N H2SO4 at 100 C. Phenylglycine-ortho-carboxylic acid was determined by measuring the optical density at 330 mit, the characteristic absorption maximum of this compound. The commercially available dehydrated medium (Difco tryptophan assay medium) of Green and Black (1944) was used for all microbiological assays for tryptophan; L. mesenteroides was employed as the assay organism. All growth responses were calculated on the basis of standard curves obtained with L-and DL-tryptophan (Prescott et al., 1949) . Cells to be assayed microbiologically for tryptophan were obtained from 12 to 15 hours' old liter cultures, removed from the medium by centrifugation, washed twice in 200 ml distilled water, and dried in vacuo. The dried cells were subjected to barium hydroxide hydrolysis (Shaw and McFarland, 1938) for 12 hours at 120 C and the Ba+ removed with 2 N H2SO4. The hydrolysates were extracted 4 times with a twofold volume of ether, neutralized to pH 6.8, and diluted to the desired volume.
RESULTS
Growth. Green and Black (1943) demonstrated that several indole derivatives (skatole, indole-3-acetic acid, beta-(indole-3)-propionic acid, and (indole-3)-nbutyric acid) do not substitute for tryptophan in the growth of L. arabinosus; and similarly, Fildes (1940) reported negative results with Salmonella typhosa for other indole-like compounds (indoleacetic acid, indoleacrylic acid, indolepropionic acid, indolecarboxylic acid, indolepyruvic acid, indoleethylamine, and indolealdehyde). In this study attention was focused upon compounds which might play roles as intermediates in the conversion of anthranilic acid to indole, and these experiments were performed by adding the compound to be tested to the semisynthetic medium (table 1) in place of tryptophan. The amount of growth obtained with medium containing tryptophan was equated as 100 per cent activity. The activities found with the following compounds were: indole, 89; anthranilic, 72; phenylglycine-ortho-carboxylic acid, 11 (with an equimolar quantity) and 34 (with four times the molarity of anthranilic acid); less than 10 per cent activity: acetanilide, acetophenone oxime, N-acetylanthranilic acid, ortho-aminobenzaldehyde, ortho-aminobenzyl alcohol, DL-aminophenylacetic acid, ethylaniline, ortho-ethylaniline, ethylanthranilate, ortho-hydroxyethylaniline, beta-hydroxyethylaniline, isatin, oxindole, phenylacetamide, phenylacetic acid, N-phenylglucine, ortho-formotoluidine, and ortho-toluidine. Thus, using growth as a criterion, none of the compounds tested may be considered as intermediates in the biosynthesis of indole or tryptophan from anthranilic acid.
Anthranilic acid metabolism. To determine the conditions under which anthranilic acid utilization occurs and to measure the formation of indole or tryptophan, resting cells were employed. As shown in table 2, glucose is required for maximum anthranilic acid utilization by resting cells; the glucose requirement, presumably as a source of adenosine triphosphate, is absolute. A typical substrate saturation curve is obtained with varying amounts of glucose, 0.03 M being the optimum concentration; with 0.04 M glucose, 15 per cent inhibition is obtained, probably due to the accumulation of lactic acid. Determination of the effect of pH upon anthranilic acid utilization over the pH range 6.2 to 8.0 revealed a rapid decrease of activity on either side of the optimum pH of 7.5 to 7.6; only half maximum activity was obtained at pH 6.8.
In addition to the glucose requirement, acetate and coenzyme A also stimulate anthranilic acid utilization. These data suggest a coenzyme A-acetate system similar to that described in pigeon liver for the acetylation of aromatic amines by Lipmann (1945) or the formation of citrate from oxalacetate and acetate in Protocol: anthranilic acid (200 pg per ml), 0.2 ml; M phosphate buffer, pH 7.8, 0.2 ml; 0.1 M glucose, 0.3 ml; ms potassium acetate, 0.1 ml; Clostridium butylicum (30 mg dry wt per ml), as coenzyme A source, 0.2 ml, or Ca-pantothenate (100 ug per ml), 0.2 ml; cells (24 mg dry wt per ml), 0.5 ml; distilled water to 2.0 ml. The reaction was run 30 min at 37 C and terminated with one ml 15 per cent trichloracetic acid.
Escherichia coli (Stern and Ochoa, 1949; Novelli and Lipmann, 1950) . However, neither N-acetylanthranilic nor phenylglycine-ortho-carboxylic acid is utilized by resting cells under the same conditions required for anthranilic acid metabolism, and as shown before, neither compound supports appreciable growth of L. arabinosus.
In all experiments involving the uptake of anthranilic acid, repeated tests for indole were made, and in no case was a positive result obtained. Similarly, addition of serine and pyridoxal phosphate to the reactants necessary for anthranilic acid utilization failed to yield tryptophan. Moreover, attempts to obtain conversion of anthranilic acid to indole or tryptophan by the addition of vitamins finding not in agreement with the quantitative conversion of indole to tryptophan in Neurofpora (Umbreit et al., 1946; Nason, 1950; Nason, Kaplan, and Colowick, 1951) . Study of indole utilization and tryptophan formation by resting cells, using both chemical and microbiological methods for the determination of tryptophan, revealed (figure 1) that although marked indole utilization occurs, tryptophan is not the major product of indole metabolism.
Since the Neuroepora type of indole conversion to tryptophan appears to be absent in L. arabinosu, the possibility arises that anthranilic acid is also not converted to tryptophan via a mechanism similar to that described for Neurospora. This possibility made it necessary to ascertain the actual formation of tryptophan in L. arabinosus grown with anthranilic acid, for if anthranilic acid is the precursor of tryptophan, the tryptophan content of cells grown with either substrate should be similar.
CeU hydrolysates. Cells grown in medium containing tryptophan, indole, or anthranilic acid were dried and hydrolyzed as described in Methods. The trypto-TIME (MIN) Protocol: 0.1 ml indole (430 ug per ml) 0.2 ml M phosphate buffer, pH 7.8 0.3 ml 0.1 M glucose 0.2 ml DL-serine (5 mg per ml) 0.2 ml pyridoxine hydrochloride (200 Ag per ml) 0.5 ml cell suspension (24 mg dry wt per ml) 0.5 ml distilled water. Tryptophan assayed chemically (curve 1) and microbiologically (curve 2). Protocol: 0.1 ml anthranilic acid (400,ug per ml) 0.2 ml M phosphate buffer, pH 7.8 0.3 ml 0.1 M glucose 0.5 ml cell suspension (26.5 mg dry wt per ml) 0.9 ml distilled water. Incubated 30 min at 37 C; terminated with 1 ml N H2SO4. Curve A: zero time; curve B: 30 minutes.
an organism which does not demonstrate the tryptophan nutritional specificity of L. mesenteroides. Such analysis revealed 0.13 per cent L-tryptophan, before and after ether extraction of the hydrolysates, indicating that, in addition to the small amount of tryptophan found in the cell hydrolysates, another substance having growth supporting capacity for L. arabinosus is formed. Although conclusive proof is not available at this time, it is possible that the unknown product 1952] formed is the terminal product of anthranilic acid metabolism and that this product is amino acid-like in nature.
The demonstration of the low tryptophan content of cells grown with indole or anthranilic acid, coupled with the in vitro studies demonstrating that indole is not condensed with serine to yield tryptophan, strongly suggests that another pathway of anthranilic acid or iindole metabolism exists which either does not result in tryptophan formation or which is operative via a pathway yielding a low level of cellular tryptophan.
Further aspects of anthranilic acid metabolism. In the attempt to idenitify a component of in vitro anthranilic acid metabolism, the reaction mixture (less coenzyme A source) described in table 2 was allowed to incubate 30 min at 37 C. It was then acidified to pH 1, extracted with diethyl ether, and the ether-soluble fraction placed in M K2HPO4 buffer at pH 8.8; the ether was removed in vacuo. The absorption spectrum of the resulting liquid was obtained using a Beckman spectrophotometer and the data plotted as shown in figure 2 ; another curve prepared with a reaction mixture similarly treated at zero time is included for comparison. The results indicate an absorption peak at 270 m,u which is absent in the zero time control. The zero time plot exhibits an absorption maximum at 310 m,u, representing anthranilic acid which disappeared after 30 min incubation, with the subsequent formation of the absorption peak at 270 m,u. The absorption maximum at 270 m,u is probably due to a product of anthranilic acid metabolism, and from its properties of ether solubility and absorption maximum at 270 m,u, the compound appears to be indole-like. (Rydon, 1948; Work and Work, 1948) , a metabolic pathway assumed to exist in bacteria and derived, by analogy, from the data obtained with the mold Neurospora. Actually, other reports offer similar indications.
Using a strain of Salmonella typhosa able to utilize ammonium salts as a sole source of nitrogen for growth, Fildes (1945) Kikkawva (1950) founld that injectioni of tryptophan inlto silkwvorm pupa yields a pigmented product, referred to as plus chromogen and measured as kyneurine. Injection of indole does not lead to plus chromogen but is excreted unchanged. Anthranilic acid injection results in the formation of plus chromogen which, however, the author states is not kyneurine. From these data Kikkawa concludes that the pathway of anthranilic acid metabolism in insects is different from the pathway described for the mold Neurospora. Recently Davis, Henderson, and Powell (1951) reported that Xanthomonas pruni requires tryptophan or nicotinic acid, in addition to an organic nitrogen source, for growth. Tryptophan, indole, or anthranilic acid substitutes for nicotinic acid, but anthranilic acid stimulates growth in lower molar concentrations and exhibits a shorter growth lag response than tryptophan and indole. From these and related results, it was suggested that anthranilic acid may not be the precursor of indole in X. pruni in the manner proposed for Neurospora and L. arabinosus.
These data, although isolated, represent the only attempts to study the metabolic fate of anthranilic acid in organisms other than Neurospora, and even in the latter case, no published evidence exists to explain precisely the mechanism of anthranilic acid utilization. From the results presented before dealing with L. arabinosus, it appears that indole, as such, is not an end product of anthranilic acid metabolism. Also, indole is not converted to tryptophan by the one-step condensation reaction reported in Neurospora. The low tryptophan content of cells grown with anthranilic acid or indole supports this conclusion. However, these cells contain a substance, presumably tryptophan-like, which supports growth of L. arabinosus above and beyond the growth attributable to the tryptophan content of these cells. It appears, therefore, that the additional growth is due to the formation from anthranilic acid of a substance substituting for tryptophan in the cell material and that this substance is the actual end product of anthranilic acid metabolism. This substance is nonether soluble and stable to Ba(OH)2 hydrolysis, as is tryptophan; it is not, however, able to support the growth of L. mesenteroides, an organism specifically requiring tryptophan for growth. It is possible, of course, that the postulated substance is a tryptophan precursor; yet it is difficult to visualize the accumulation of an amino acid precursor to an extent equal to the amino acid itself.
Glucose, acetate, and coenzyme A play significant roles in the utilization of anthranilic acid by resting cells of this organism; indole is not formed under these conditions. Indole utilization also requires glucose, and in addition, serine and pyridoxal phosphate; tryptophan, however, is not formed.
Growth of this organism in medium containing anthranilic acid or indole in place of tryptophan yields cells with significantly low tryptophan levels in cellular material, suggesting that these nutritional substituents are not converted to tryptophan but to another substance replacing tryptophan in the cell.
These data indicate that the pathway of tryptophan synithesis described in the mold Neurospora is not present in L. arabinosuts.
